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TOWARDS A SELF-CONSISTENT INTERPRETATION 

OF THE CALCIUM LINES 

J e f f r e y  L. Linsky * 
J o i n t  I n s t i t u t e  f o r  Laboratory Astrophysics 

Boulder, Colorado 

ABSTRACT 

From observat ions of t h e  Ca I1 H and K resonance l i n e s  and subordinate  

i n f r a r e d  t r i p l e t  w e  i n f e r  t h e  behavior of t h e  corresponding l i n e  source 

func t ions .  These i n  t u r n  are i n t e r p r e t e d  by means of f o u r  a rche typa l  

s o l u t i o n s  of t h e  s ta t i s t ica l  equ i l ib r ium and r a d i a t i v e  t r a n s f e r  equat ions 

f o r  t h e  l i n e s .  E c l i p s e  observat ions and continuum f l u x  measurements i n  t h e  

u l t r a v i o l e t  and i n f r a r e d  p l a c e  c o n s t r a i n t s  upon accep tab le  s o l u t i o n s  f o r  

t h e  calcium l i n e s .  I n  t h e  l i g h t  of t h e s e  c o n s t r a i n t s  w e  consider  s e v e r a l  

p o t e n t i a l  explanat ions f o r  t h e  4200'K b r i g h t n e s s  temperature i n  K1 and limb 

darkening of t h e  e n t i r e  p r o f i l e s  of H and K. 

* 
of  t h e  Nat ional  Bureau of Standards and Universi ty  of Colorado. 
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I. INTRODUCTION 
.. 

The C a  I1 H and K lines are unique i n  t h e  s o l a r  v i s i b l e  spectrum as 

t h e i r  doubly reversed p r o f i l e s  bea r  d i r e c t  evidence of a chromospheric 

i n c r e a s e  i n  temperature.  A s  a r e s u l t  of their chromospheric dependence 

and the.convenience of their  being observable below t h e  terrestrial atmo- 

sphere,  t h e s e  l i n e s  have been used t o  i n f e r  t h e  p h y s i c a l  p r o p e r t i e s  and 

s t r u c t u r e  of t h e  low chromosphere. Numerous analyses  along t h e s e  lines now 

exist (Miyamoto 1953, 1954, 1957; J e f f e r i e s  and Thomas 1960; Athay and 

Skumanich 1968a, 1968b; Dumont 1967a, 1967b, 1968; Linsky 1968a ; Avrett 

and Linsky 1968; and Beebee and Johnson 1968),  b u t  each f a i l s  t o  exp la in  

some c r u c i a l  observat ions o r  ignores  some important a spec t  of t h e  problem. 

Moreover, the calcium l i n e s  are usua l ly  analyzed independently of informa- 

t i o n  on t h e  chromosphere which has  been gleaned from e c l i p s e  observat ions,  

* 

measurements of continuum f l u x  i n  t h e  u l t r a v i o l e t  and i n f r a r e d ,  and analyses  

of o t h e r  l i n e s .  The n e t  r e s u l t  i s  confusion t o  t h e  e x t e n t  t h a t  t h e  calcium 

l i n e s  are now considered u n r e l i a b l e  i n d i c a t o r s  of chromospheric p r o p e r t i e s .  

I n  t h i s  paper w e  w i l l  a t tempt  t o  c l a r i f y  t h e  n a t u r e  of t h e s e  l i n e s  by 

consider ing t h e  da t a ,  t h e  information they con ta in  about the behavior of t h e  

l i n e  source func t ions ,  and t h e  l i m i t a t i o n s  on p o s s i b l e  s o l u t i o n s  f o r  t h e  l i n e  

source func t ions  imposed by o t h e r  d a t a  on t h e  chromosphere. 

f i r s t  f o u r  a rche typa l  s o l u t i o n s  t o  develop some i n s i g h t  i n t o  t h e  s e n s i t i v i t y  

W e  consider  

of t h e  emergent l i n e  p r o f i l e s  t o  changes i n  t h e  temperature s t r u c t u r e  and 

e l e c t r o n  dens i ty  d i s t r i b u t i o n  i n  t h e  chromosphere. Next w e  summarize t h e  

d a t a  on t h e  H and K l i n e s  as w e l l  as t h e  subord ina te  i n f r a r e d  t r i p l e t .  

F i n a l l y  w e  consider  a number of p o s s i b l e  means of s a t i s f y i n g  t h e  calcium 

*Hereafter c a l l e d  Paper I. 
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l ine d a t a  w i t h i n  the l i m i t a t i o n s  imposed by o t h e r  d a t a  on t h e  chromosphere. 

W e  hope that t h i s  approach w i l l  suggest t h e  proper means of exp la in ing  these 

complex l i n e s .  

11, ARCHETYPAL SOLUTIONS FOR THE CALCIUM LINES 

The a i m  of our a n a l y s i s  of the calcium l i n e s  i s  t o  i n f e r  the p h y s i c a l  

p r o p e r t i e s  of t h e  chromosphere; t h a t  is, t h e  v a r i a t i o n  of e l e c t r o n  tempera- 

t u r e  T , p r e s s u r e  P ,  d e n s i t i e s ,  and nonthermal broadening parameters with. 

h e i g h t  o r  r e fe rence  o p t i c a l  depth. 

e 
A complete s p e c i f i c a t i o n  of these 

p r o p e r t i e s  c o n s t i t u t e s  a model. 

p l a n e - p a r a l l e l  and homogeneous a t  each he igh t ,  a l though two component models 

(Beebee and Johnson 1968) have now been considered. 

w e  f i n d  (Paper I) t h a t  by assuming h y d r o s t a t i c  equ i l ib r ium and d e t a i l e d  

balance i n  t h e  Lyman l i n e s  of hydrogen, we need only s p e c i f y  a photospheric  

The chromosphere i s  g e n e r a l l y  taken t o  b e  

In computing a model 

d e n s i t y  o r  o p t i c a l  depth,  and t h e  v a r i a t i o n  with h e i g h t  of T 

thermal broadening, given i n  t e r m s  of an equ iva len t  n o n t h e m a l  v e l o c i t y .  

and t h e  non- e 

A f t e r  cons t ruc t ing  a model w e  next  s o l v e  s ta tTst2.cal  equ i l ib r ium 

equat ions f o r  t h e  lower and upper levels of a l l  r e l e v a n t  t r a n s i t i o n s  toge the r  

w i th  t h e  r a d i a t i v e  t r a n s f e r  equatfons for  t h e s e  t r a n s i t t o n s  t o  o b t a i n  the 

l i n e  sou rce  func t ions  S. Fxom these w e  compute t h e  emergent s p e c i f h  b-. 

t e n s i t i e s  "$1, where p is. t h e  u s u a l  c o s i n e  of the normal a n g l e  and v 3s 

the frequency. 

t i o n s  and calcium i o n i z a t i o n  e q u i l i b r l a  w e  r e f e r  t h e  r eade r  t o  Paper I, 

mention only t h a t  the i o n i z a t i o n  e q u i l i b r i s  are given by s o l u t i o n s  of the 

r e l e v a n t  s t a t i s t i c a l  equiJibrium equat ions,  and that the source  func t fon  

equat ions are solved i n  t h e  k e r n e l  approximation as  de i c r ibed  6y. Avrett and 

For d e t a i l s  of our method of so lv ing  the source f u n c t i o n  equar  
_. 

We 
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Loeser (1966). 

r e d i s t r i b u t i o n  i n  frequency f o r  t h e  s c a t t e r i n g  process  and chromospheric 

The f o u r  s o l u t i o n s  which w e  w i l l  de sc r ibe  assume complete 

models i n  h y d r o s t a t i c  equi l ibr ium. We consider  a 3 level C a  I1 i o n  con- 

2 3 2D512 and 4 P ground state,  e x c i t e d  states 
312 

s i s t i n g  of t h e  4 2S 
112 

II II 0 

and a continuum. The 4 LP -t 4 LS t r a n s i t i o n  i s  t h e  K l i n e  a t  3933 A 

and t h e  4 2P 

312 1 /2  
-+ 3 2D 

31 2 512 
t r a n s i t i o n  is t h e  i n f r a r e d  t r i p l e t  l ine  a t  8542 i. 

The 4 

levels 

2 2Pl,2 and 3 D 

have n o t  been considered. 

levels are i r r e l e v a n t  (Paper I) and h ighe r  l y i n g  
312 

Model A r e s u l t s  from a s t r a i g h t  forward attempt t o  match the observed 

low s p a t i a l  r e s o l u t i o n  K l i n e  p r o f i l e  (White and Suemoto 1968) a t  t h e  

c e n t e r  of t h e  s o l a r  d i s k .  The temperature d i s t r i b u t i o n  as shown i n  Fig. 1 

has a narrow minimum of 4200 O K  c en te red  n e a r  500 km , followed by a slow 

rise i n  temperature and then a much s t e e p e r  rise beginning a t  1300 km. 

* 

The 

r e s u l t a n t  e l e c t r o n  d e n s i t y  d i s t r i b u t i o n  (see Fig. 2) has  a relative maximum 

of 1.4 x lo1' a t  1500 km, where hydrogen i s  f u l l y  ionized. 

a nonthermal v e l o c i t y  d i s t r i b u t i o n  with a maximum value of 4.5 km/sec (see 

The assumption of 

Fig. 3)  r e s u l t s  i n  an emergent K l i n e  p r o f i l e ,  shown i n  Fig.  4 ,  which i s  i n  

q u a l i t a t i v e  agreement wi th  t h e  d a t a .  

reversed shape c o n s i s t i n g  of a c e n t r a l  abso rp t ion  f e a t u r e  (K ), a relative 

maximum (K ) away from t h e  co re ,  and a re la t ive minimum (K ) i n  t h e  i n n e r  wings. 

I n  p a r t i c u l a r  t h e  p r o f i l e  has  a doubly 

3 

2 1 
5 The e s s e n t i a l  a spec t  of Model A i s  t h a t  K i s  formed a t  roughly 10 

I n  gene ra l ,  a l i n e  source func t ion  s a t u r a t e s  

1 

l i n e  c e n t e r  o p t i c a l  depths.  

t o  t h e  l o c a l  Planck f u n c t i o n  a t  l i n e  c e n t e r  o p t i c a l  depths  i n  excess of a 

the rma l i za t ion  l eng th  A .  For a Voigt p r o f i l e  and a two-level atom A a€ -2 

* 
Heights are given on t h e  model atmospheres scale,  t h a t  is above r a d i a l  o p t i c a l  

depth a t  5000 A of u n i t y  (T 
0 

= 1). 5000 . 
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(Avrett and Hummer 1965),  where a is  t h e  Voigt parameter, and E (which 

is p ropor t iona l  t o  n ) is e s s e n t i a l l y  t h e  p r o b a b i l i t y  p e r  s c a t t e r i n g  with a 

C a  I1 i o n  t h a t  a l i n e  photon w i l l  be destroyed. 

e 

Near 500 km i n  the sun 

(see Paper I) E 2 and a 2 s o  t h a t  , A Thus K i n  t h i s  1 

model i s  formed i n  a r eg ion  where 

" e f f e c t i v e l y  thick,"  o r  i n  J e f f e r i e s '  n o t a t i o n  (Gingerich and R e  J a g e r  1968), 

'lop t i c a l l y  th i ck .  

S 5 B and Model A would b e  considered 

Models B and C are s l i g h t  v a r i a n t s  of Model A i n  which the temperature 

s t r u c t u r e  and nonthermal v e l o c i t i e s  are unchanged, b u t  the mean molecular 

weights are a l t e r e d  t o  change the e l e c t r o n  d e n s i t i e s .  We assume a helium 

t o  hydrogen number r a t i o  of 0.05 f o r  Model B and 0.20 f o r  Model C i n s t e a d  of 

t h e  more commonly accepted va lue  of 0.10 used i n  Model A. These models s e r v e  

t o  i l l u s t r a t e  t h e  e f f e c t  of i n c r e a s i n g  t h e  t o t a l  and e l e c t r o n  d e n s i t i e s  a 

f a c t o r  of 3 i n  t h e  case of Model B o r  decreasing them a f a c t o r  of 10 i n  t h e  

case of Model C i n  the region where 

A s  shown i n  Figs .  4 and 5,  a f a c t o r  of 3 i n c r e a s e  i n  n decreases  A and 

i n c r e a s e s  t h e  coupling of S t o  B such t h a t  K and K3 are s t rong ly  

enhanced. 

hand, a n  o rde r  of magnitude decrease i n  n lengthens A and thereby reduces 

t h e  coupling of S t o  B. In t h i s  case the p r o f i l e  is a ve ry  deep absorpt ion 

l i n e  wi th  no K2 f e a t u r e .  

K2 and K are formed (see Fig.  2). 

e 

3 

2 

The p r o f i l e  now resembles t h a t  seen i n  a plage.  On t h e  o t h e r  

e 

These two models are n o t  as a r t i f i c i a l  as they might appear f o r  a 

K2 and K are 

For example, i f  t h e  t u r b u l e n t  v e l o c i t i e s  are s m a l l  compared t o  t h e  

3 number of mechanisms may a l te r  t h e  e l e c t r o n  d e n s i t y  where 

formed. 

sound v e l o c i t y ,  then t h e i r  e f f e c t  w i l l  be t o  i n c r e a s e  p re s su re  scale h e i g h t s  
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without  a l t e r i n g  

Also, displacement ?n he igh t  of t h e  temperature rise of Model A w i l l  s imula te  

t h e  behavior of-Models B o r  C depending upon whether t h e  displacement is  

inwards .o r  outwards. 

Te(h) and thus  t o  m i m i c  t h e  q u a l i t a t i v e  behayior of Model B. 

Model D is an a t t e m p t  t o  produce a K l i n e  p r o f i l e  s i m i l a r  t o  t h a t  

observed wi th  a d i f f e r e n t  form of temperature d i s t r i b u t i o n .  A s  suggested 

by cons ide ra t ions  t o  be discussed la ter ,  t h e  temperature minimum i s  r a i s e d  

t o  4600 OK and extends from 300 km t o  900 km. A s  thermal iza t ion  occurs  near  

500 km t h e  source func t ion  f a l l s  i nc reas ing ly  below t h e  Planck func t ion  with 

he ight  u n t i l  a s t e e p  rise i n  B produces a r e l a t i v e  maximum i n  S near  

1500 km. 

near  100, which maps i n t o  t h e  f e a t u r e ,  i f  we  assume nonthermal v e l o c i t i e s  

i nc reas ing  t o  11.4 km/sec. Since K is  formed a t  o p t i c a l  depths  considerably 

less than  A ,  

The source func t ion  thus  has a re la t ive minimum a t  o p t i c a l  depths 

K1 

1 

t h i s  model may be  c l a s s i f i e d  as "e f f ec t ive ly  th in . "  

With these  a rche typa l  models i n  mind w e  now discuss  t h e  observat ions 

and t h e  information they con ta in  on t h e  formation of t h e  calcium l i n e s .  

111. OBSERVATIONS OF THE H AND K LINES 

W e  wish t o  summarize some important a spec t s  of t h e  observa t iona l  

material f o r  t h e  calcium l i n e s  which are e s s e n t i a l  t o  an adequate i n t e r p r e t a t i o n  

of t h e  l i n e s .  Data on the H and K l i n e s  can be  divided i n t o  two d i s t i n c t  

groups depending on whether they w e r e  obtained a t  low o r  a t  high s p a t i a l  

r e s o l u t i o n  on t h e  s o l a r  d i sk .  Only the former has  keen t h e  s u b j e c t  of 

sys temat ic  i n v e s t i g a t i o n .  Its b a s i c  f e a t u r e s  and t h e i r  s i g n i f i c a n c e  are, 

. bri.ef l y  : 
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(1) The l i n e  p r o f i l e s  have e m i s s i o n ' f e a t u r e s  c a l l e d  H and K on 2 2 

e i t h e r  s i d e  of the c e n t r a l  abso rp t ion  co res  (H and K ) and i n s i d e  secondary 

abso rp t ion  f e a t u r e s  (H and K ) i n  t h e  i n n e r  wings. I f  complete r e d i s t r i -  

bu t ion  i n  frequency space is  a v a l i d . d e s c r i p t i o n  of the s c a t t e r i n g  p r o c e s s , ,  

as is  usua l ly  presumed, t h i s  doubly reversed l i n e  shape r e q u i r e s  a relative 

m a x i m u m  and m i n i m u m  i n  the frequency-independent l i n e  source func t ions  i n  

t h e  low chromosphere 

3 3 

1 1 

i - _  

(2) The e n t i r e  p r o f i l e s  are known t o  limb darken, a behavior which 

is i n c o n s i s t e n t  w i t h  a relative maximum and minimum i n  a frequency-independent 

source func t ion  S u n l e s s  t h e  chromosphere is  multicomponent (Avrett and Linsky 

1968, Beebee and Johnson 1968) o r  t h e  mapping of S onto t h e  emergent s p e c i f i c  

i n t e n s i t y  I ( 0 , ~ )  i s  such t h a t  t h e  re la t ive minimum i s  masked a t  p = 1 b u t  

less s o  towards t h e  limb (Athay and Skumanich 1968b). 

V 

(3) Outside of active r eg ions ,  and except f o r  limb darkening, t h e  

l i n e  p r o f i l e s  do n o t  vary s i g n i f i c a n t l y  from p l a c e  t o  p l a c e  on t h e  d i s k  

(Teske 1967). 

model f o r  t h e  chromosphere. 

This behavior  lends some j u s t i f i c a t i o n  t o  a one-component 

( 4 )  The b r i g h t n e s s  temperatures f o r  H and K are roughly 4200'K. 1 1 

Thus t h e  minimum va lues  f o r  t h e  H and K l i n e  sou rce  func t ions  cannot be 

l a r g e r  than t h o s e  of t h e  corresponding Planck func t ions  a t  4200'K. 

i n  t h e  ' ' e f fect ively thick" model, H 

l i n e  c e n t e r  o p t i c a l  depths t h a t  the relat ive populat ions f o r  their lower 

and upper levels are c l o s e  t o  t h e  LTE values ,  then t h e  s o l a r  minimum tempera- 

I f ,  as 

and K are formed a t  s u f f i c i e n t l y  l a r g e  1 1 

t u r e  can be  no  l a r g e r  t han  4200'K. On t h e  o t h e r  hand, i f  t h e  s o l a r  minimum 
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temperature  is  

underpopulated 

roughly 4600°K, 

r e l a t i v e  t o  t h e  

2 2 then t h e  4 P and 4 P l e v e l s  must be  

ground state 4 2S -where H and K 'are formed. 
1/2 3/2 

1 / 2  - 1  - 1  
This can only occur i f  H 

s i g n i f i c a n t l y  less than a thermal iza t ion  length ,  as i n  t h e  "op t i ca l ly  th in"  

model, o r  i f  complete r e d i s t r i b u t i o n  i s  inaccura t e  i n  t h e  l i n e  wings. 

and K1 are formed a t  l i n e  cen te r  o p t i c a l  depths 1 

i 

( 5 )  Both of t h e  resonance l i n e s  are s l i g h t l y  asymmetric about t h e - r e s t  

wavelengths i n d i c a t i n g  a n e t  sys temat ic  mot-ion outward i n  t h e  low chromosphere. 

(6) The relative r e s i d u a l  i n t e n s i t i e s  i n  H and K are very nea r ly  3 3 
2 2 equal .  This e q u a l i t y  r e s u l t s  from coupling of t h e  4 P and 4 P l e v e l s  

v i a  c o l l i s i o n s  and t r a n s i t i o n s  wi th  t h e  3 D levels (Linsky 1968b, 1 9 6 8 ~ ) .  

1/2 312 
2 

(7) The 7 r o f i l e s  undergo a sys temat ic  bu t  gradual  t r a n s i t i o n  from 

regions of t h e  "quiet" chromosphere t o  plages ( see  Sheeley 1967) .  The ' 

changes are no t  q u a l i t a t i v e ,  f o r  t h e  p r o f i l e s  r e t a i n  t h e i r  doubly reversed  

shape, but  r a t h e r  q u a n t i t a t i v e  wi th  r e s i d u a l  i n t e n s i t i e s  i n  K 

from roughly 5% i n  "quiet"  regions t o  roughly 30% i n  plages.  

t r a n s i t i o n  suggests  a gradual  i nc rease  i n  T (h) where K and K are formed, e 2 3 

o r  i n  t h e  coupling between t h e  l i n e  source func t ions  and t h e  Planck func t ion  

such as would occur wi th  an inc rease  i n  e l e c t r o n  dens i ty  as seen by comparing 

Model B t o  Model A. 

increas ing  

This gradual  

2 

(8) The cores  of H and K are q u i t e  broad, roughly 0 . 3 4  between t h e  

K 

t o  t h e  d a t a  of White and Suemoto (1968). 

taken t o  be Doppler i n  t h e  l i n e  cores ,  bu t  t h e  i n f e r r e d  ha l fwid ths  

upon t h e  o p t i c a l  depth of formation of t h e  K and K f e a t u r e s .  Goldberg 

(1957) showed t h a t  f o r  cons tan t  

peaks' and 0.50 1 between t h e  K 2 1 minima a t  t h e  cen te r  of t h e  d i s k  accordcing 

The broadening mechanism is genera l ly  

A i ,  depend 

2 1 

Ax,,  which i s  pr imar i ly  t u r b u l e n t ,  v e l o c i t i e s  
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of 20 km/sec are requ i r ed  i f  the l i n e  c e n t e r  o p t i c a l  depth i s  v e r y  s m a l l  

where K is formed, b u t  only 5.5 km/sec i f  it is of o rde r  10 . Both 

t h e o r e t i c a l  (Athay and Skumanich 1968a) and e m p i r i c a l  (Zirker-1968)  con- 

5 
1 

s i d e r a t i o n s  suggest  t h a t  AXD increases outward. Nevertheless, Zirker 

f i n d s  t h a t  v e l o c i t i e s  of o rde r  11 km/sec are requ i r ed  t o  p l a c e  t h e  

peaks at t h e i r  proper  wavelengths i f  t h e  source func t ion  relative maximum 

K2 

l ies a t  o p t i c a l  depth of o r d e r  3.  

These, then,  are t h e  e s s e n t i a l  a s p e c t s  of an a r t i f i c i a l  set of H and 

K l i n e  d a t a  obtained by averaging over t h e  observed f i n e  s t r u c t u r e .  

d e f e r  u n t i l  l a te r  t h e  ques t ion  of whether t h e s e  mean d a t a  can y i e l d  p r o p e r t i e s  

We 

of a meaningful mean chromosphere. 

A t  h igh s p a t i a l  r e s o l u t i o n  t h e  H and K l i n e  p r o f i l e s  e x h i b i t  a 

d i f f e r e n t  group of p r o p e r t i e s :  

(1) Under cond i t ions  of e x c e l l e n t  s ee ing ,  spectroheliograms i n  K and 3 

K2 + K3 

500 km i n  width.  This scale corresponds t o  l i n e  c e n t e r  o p t i c a l  depths of 

5 and 1000 i n  K I n  t h e  " e f f e c t i v e l y  3 

t h in"  Model D,  corresponding va lues  are 4 and 20. A s  t h e  the rma l i za t ion  

l eng ths  are of o rde r  10 , t h e s e  d a t a  s,uggest t h a t  t h e  r a d i a t i v e  t r a n s f e r  

reveal s t r u c t u r e  a t  t h e  l i m i t  of s p a t i a l  r e s o l u t i o n ,  less than 

and K2,  r e s p e c t i v e l y ,  f o r  Model A. 

4 

equat ions f o r  t h e s e  l i n e s  ought t o  be solved i n  a three-dimensional medium 

r a t h e r  than i n  one dimension. 

(2) In spectroheliograms taken i n  K o r  K 3 2 4- K3, supergranule  cells  

appear as dark regions and the i n t e r c e l l u l a r  network o r  "coarse network" 

and p l age  regions a r k  b r i g h t .  

t h e r e  is  a p o s i t i v e  c o r r e l a t i o n  of b r i g h t  H and K emission w i t h  r eg ions  of 

A s  f i r s t  shown by Babcock and Babcock (1955) 
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l a r g e  magnetic f i e l d .  Z i r i n  (1966) p o i n t s  ou t  t h a t  t h e  inc rease  i n  magnetic 

f i e l d  from t h e  i n t e r i o r  of a supergranule  t o  t h e  network is s u f f i c i e n t  t o  

make t h e  magnetic energy dens i ty  dominant over t he  k i n e t i c  energy dens i ty  

i n  t h e  network bu t  i n s i g n i f i c a n t  compared t o  t h e  k i n e t i c  energy d e n s i t y  i n  

supergranules .  
_ -  

This q u a l i t a t i v e  d i f f e r e n c e  suggests  t h a t  one cons ider  an 

i d e a l i z e d  two-component chromosphere. Since t h e  s t r e n g t h  of t h e  emission 

f e a t u r e  inc reases  wi th  e l e c t r o n  dens i ty  and wi th  a displacement of t h e  s t e e p  

temperature rise inward, t h e r e  appears  t o  be a c o r r e l a t i o n  of l a r g e  magnetic 

f i e l d s  wi th  e i t h e r  o r  both of t hese  changes. 

f i e l d s  and b r i g h t e r  K2 emission i n  p l ages ,  it i s  t a n t a l i z i n g  t o  suggest  t h a t  

plage reg ions  are similar bu t  enhanced vers ions  of phys ica l  condi t ions  i n  t h e  

I n  view of t h e  enhanced magnetic 

coarse  network. l1 
11 

(3) Z i r i n  (1966) states t h a t  "under t h e  s c r u t i n y  of high s p a t i a l  and 

spec t roscopic  r e s o l u t i o n  t h e  myth of doubly reversed  emission l i n e s  f a l l s . "  

By t h i s  he means t h a t  under high r e s o l u t i o n  t h e  p r o f i l e  r a r e l y  i f  ever  has  a 

doubly reversed  shape, bu t  r a t h e r  has  an i r r e g u l a r  dark core surrounded by 

some patches of emission. Displacements i n  wavelengths of t hese  f e a t u r e s  with 

p o s i t i o n  on t h e  d i s k  suggest  l a r g e  sys temat ic  motions i n  t h e  v e r t i c a l  d i r e c t i o n .  

From t h e  lateral  s c a l e  of p r o f i l e  v a r i a t i o n s  discussed above, many d i s t i n c t  

regions wi th  d i f f e r e n t  sys temat ic  motions ought t o  e x i s t  w i th in  a r a d i u s  of 

one l o c a l  t he rma l i za t ion  length  a t  he igh t s  where t h e  cores  are formed. Con- 

sequent ly ,  t h e  assumption of microturbulent  v e l o c i t y  f i e l d s  could be v a l i d ,  

i n  which case t h e  f i t t i n g  of computed p r o f i l e s  t o  t h e  low s p a t i a l  r e s o l u t i o n  

d a t a  has phys ica l  meaning. To d a t e  t h e r e  e x i s t  few t h e o r e t i c a l  i n v e s t i g a t i o n s  
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of l ine formation i n  a d i f f e r e n t i a l l y  moving atmosphere and none where t h e  

scale of v a r i a t i o n  of such motions is  s m a l l  enough t o  suggest  microturbulence.  

This lat ter case deserves  treatment and t h e  h igh  s p a t i a l  r e s o l u t i o n  H and K 

p r o f i l e s  may provide a test example. 

. -- 
I V .  OBSERVATIONS OF THE CALCIUM INFRARED TRIPLET 

Coupled t o  t h e  H and K l i n e s  are t h r e e  l i n e s  i n  t h e  i n f r a r e d  a t  8498, 

2 8542, and 8662 wi th  t h e  same upper levels 4 2P and 4 P as t h e  H and 

K l i n e s  b u t  w i th  metastable  lower levels 3 D and 3 D512. 

112 312 

These l i n e s  2 2 
31 2 

appear q u a l i t a t i v e l y  d i f f e r e n t  from t h e  H and K l i n e s  over  most of t h e  d i s k ,  

y e t  t h e i r  t h e o r e t i c a l  i n t e r p r e t a t i o n  involves  t h e  s o l u t i o n  of t h e  same set 

of s t a t i s t i ca l  equ i l ib r ium equat ions as f o r  t h e  H and K l i n e s  and t h e  s a m e  

assumptions i n  s o l v i n g  t h e  r a d i a t i v e  t r a n s f e r  equat ions.  The l i n e s ,  t h e r e f o r e ,  

con ta in  a d d i t i o n a l  information on t h e  chromosphere and provide a d d i t i o n a l  

c o n s t r a i n t s  upon accep tab le  chromospheric models. Because t h e  pauc i ty  of 

d a t a . o n  s p a t i a l  r e s o l u t i o n ,  w e  d i s c u s s  only t h e  lower r e s o l u t i o n  work of D e  

J a g e r  and Neven (1967) and of Linsky and Wilkinson (1968). 

(1) P r o f i l e s  of t h e  i n f r a r e d  l i n e s ,  u n l i k e  t h e  H and K l i n e s ,  e x h i b i t  

no emission f e a t u r e s .  This suggests  t h a t  t h e  l i n e  source func t ions  decrease 

monotonically wi th  h e i g h t  over  t h e  region of l i n e  formation, and that  they do 

n o t  r e f l e c t  a chromospheric rise i n  temperature.  

temperature rise r e s u l t s  from t h e  s m a l l  l i n e  c e n t e r  o p t i c a l  depth a t  which 

i t  occurs.  

This i n s e n s i t i v i t y  t o  t h e  

(2) Each of the i n f r a r e d  l i n e s  limb darken, a n a t u r a l  consequence of 

source func t ions  which decrease monotonically wi th  he igh t .  

(3) The sequence of i n c r e a s i n g  opac i ty  i n  t h e  8498, 8662, and 8542 

l i n e s  i s  a l s o  a sequence of dec reas ing  c e n t r a l  r e s i d u a l  i n t e n s i t y ,  although 
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t h e  d a t a  are ambiguous concerning t h e  8662 and 8542 d lines. W e  f i n d  t h a t  

% a t  a l e v e l  where 
T~~~~ 

% 1, o p a c i t i e s  i n  t h e  th ree  l i n e s  are t y p i c a l l y  

0.018, 0.009, and 0.0019 compared t o  t h a t  of t h e  R l i n e .  A t  t h i s  depth i n  

t h e  chromosphere d e n s i t i e s  are s u f f i c i e n t l y  high t h a t  c o l l i s i o n s  between t h e  

2 2 4 PlI2 and 4 P levels i n s u r e  equi l ibr ium r e l a t i v e  t o  populat ions i n  t h e  3/2 

two l e v e l s  (Paper I). 

3 *D 

Presumably t h e  same is  a l s o  t r u e  f o r  t h e  3 'D and 
3/ 2 

l e v e l s .  Consequently, t h e  source func t ions  f o r  t h e  t h r e e  l i n e s  
5/2 

should be  e s s e n t i a l l y  equa l  at t h e  same p o s i t i o n  i n  t h e  chromosphere. This 

deduct ion,  t oge the r  w i th  t h e  monotonic behavior of t h e  source func t ions  de- 

duced above, accounts f o r  t h e  r e l a t i v e  s t r e n g t h  of t h e  l i n e s .  

( 4 )  Cent ra l  r e s i d u a l  i n t e n s i t i e s  f o r  t h e  two s t r o n g e s t  l i n e s  are 

observed t o  be roughly 0.18 while  t h a t  of t h e  8498 A l i n e  i s  0.26 t o  0.30. 

These d a t a  may be compared wi th  t h e o r e t i c a l  i n t e n s i t i e s  of our fou r  models 

i n  Fig.  6. 

two s t rong  l i n e s  and 0.12 f o r  t h e  8498 8 l i n e ,  i n  disagreement with observat ions.  

Both Models A and D p r e d i c t  i n t e n s i t i e s  of roughly 0.07 f o r  the  

One way of br inging  about b e t t e r  agreement would be t o  reduce A by inc reas ing  

t h e  e l e c t r o n  d e n s i t i e s  nea r  1000 km where t h e  cores  of t h e  l i n e s  are formed. 

A s  we s h a l l  mention i n  t h e  next  s e c t i o n ,  t h i s  change w i l l  b r ing  t h e  e l e c t r o n  

d e n s i t i e s  i n t o  b e t t e r  agreement wi th  the  e c l i p s e  data.  

(5) Spectroheliograms i n  t h e  cores  of t h e  i n f r a r e d  l i n e s  as f o r  example 

those  of T i t l e  (1967) r evea l  a b r i g h t  coarse  network and plages s imilar  i n  

d e t a i l  t o  t h a t  seen i n  H and K,  al though t h e  c o n t r a s t  between b r i g h t  and dark 

regions i s  s i g n i f i c a n t l y  smaller than f o r  H and K. Evans and Michard (1962) 
0 

measure root-mean-square i n t e n s i t y  f l u c t u a t i o n s  i n  t h e  core  of t h e  8542 A 

l i n e  of 0.118, whereas 'a  corresponding va lue  f o r  K would be g r e a t e r  than 

un i ty  as shown by t h e  Jensen and Orrall  (1963) da ta .  This s i m i l a r i t y  with 

3 
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H and K makes sense  because any mechanism, 

d e n s i t y ,  which more c l o s e l y  couples a l ine 

such as an i n c r e a s e  i n  e l e c t r o n  

source  func t ion  t o  a s t e e p l y  

r i s i n g  l o c a l  Planck func t ion  i n  t h e  chromosphere a f f e c t s  both resonance and 

subord ina te  l ines as shown i n  Figs .  4 and 6. 

' (6) I n  plages t h e  i n f r a r e d  l i n e s  acqu i r e  emission f e a t u r e s  and a 

Mustel and Tsap (1958) doubly reversed p r o f i l e  l i k e  t h e  H and K l i n e s .  

observed r e s i d u a l  i n t e n s i t i e s  of roughly 0.60 f o r  the I R  f e a t u r e s  (analogous 2 

t o  H 

d i sk .  These d a t a  confirm t h e  suggest ion made above t h a t  plage r eg ions  are 

reg ions  of h i g h e r  d e n s i t y  and thus  c l o s e r  coupling t o  l o c a l  cond i t ions  than 

and K ), considerably i n  excess of va lues  f o r  q u i e t  r eg ions  of t h e  2 2 

t h e  surrounding medium. 

V. CHROMOSPHERIC BOUNDARY CONDITIONS 

We t u r n  our  a t t e n t i o n  now t o  l i m i t a t i o n s  upon p o s s i b l e  explanat ions 

of t h e  calcium l i n e s  imposed by observat ions of  continuum f l u x  and o t h e r  

l i n e s  found i n  t h e  chromosphere. 

(1) Considerable empi r i ca l  evidence p o i n t s  towards a minimum tempera- 
I 

t u r e  a t  t h e  base  of t h e  s o l a r  chromosphere of roughly 4600'K. 

i n  Gingerich and D e  J a g e r  (1968) and Paper I, t h e s e  arguments c o n s i s t  p r imar i ly  

A s  summarized 

of i n t e r p r e t a t i o n s  of t h e  continuum f l u x  nea r  1600 i, carbon monoxide abundance, 

and s i l i c o n  opac i ty  d i s c o n t i n u i t i e s .  

one-component chromosphere, whereas t h e  calcium l i n e s  suggest  two components. 

Each of t h e s e  arguments presumes a 

I n  a two-component medium t h e  mean temperature may n o t  be  t h e  same as t h a t  

deduced from averaged Continuum observat ions assuming a one-component 

chromosphere. Indeed, Brown and Linsky (1968) argue t h a t  t h e  mean temperature 

w i l l  b e  less than t h a t  deduced f o r  a one-component model and that a mean 



-14- 

temperature of 4200'K could b e  c o n s i s t e n t  w i th  t h e  continuum f l u x  near 

1600 1 i f  root-mean-square thermal f l u c t u a t i o n s  are as l a r g e  as 500'K. 

Although w e  p r e d i c a t e  ou r  ensuing a n a l y s i s  upon t h e  assumption of a 4600 OK 

temperature minimum, w e  wish t o  p o i n t  out  t h a t  t h e  assumption may be wrong 

and a p l a u s i b l e  mechanism e x i s t s  f o r  i t s  being wrong. 

(2) I n t e r p r e t a t i o n s  of continuum and hydrogen l i n e  observat ions 

obtained during an e c l i p s e  provide some information on p h y s i c a l  p r o p e r t i e s  

of t h e  low ch'romosphere. These d a t a  are gene ra l ly  given i n  terms of an 

3 3 e c l i p s e  h e i g h t  scale where h e i g h t  ze ro  i s  def ined by the r e l a t i o n  d EA/dh = 0 

with EA 

wavelength such as 5000 i. 
ponds t o  TA(tang) = 1. 

he igh t  scale by adding 300 kE, obtained using t h e  Bilderberg continuum atmosphere 

(Gingerich and D e  J age r  1968) and 

is  s u b j e c t  t o  t h e  u n c e r t a i n t i e s  a s s o c i a t e d  wi th  t h e  BCA. 

t h e  observed i n t e n s i t y  of r a d i a t i o n  i n  t h e  continuum a t  a s t anda rd  

I n  an i so the rma l  atmosphere h e i g h t  ze ro  corres-  

W e  t ransform e c l i p s e  h e i g h t s  t o  t h e  model atmospheres 

X = 4700 1. This  change i n  h e i g h t  zero 

Thomas and Athay (1961) obtained a chromospheric model above 1050 km 

from continuum d a t a  at 3646 1 and 4700 1. I n  de r iv ing  t h e  model they assumed 

h y d r o s t a t i c  equ i l ib r ium and employed s o l u t i o n s  f o r  a th ree - l eve l  hydrogen atom. 

The i r  der ived temperatures  and e l e c t r o n  d e n s i t i e s  are given i n  Figs .  1 and 2.  

Below 800 km t h e i r  d a t a  are t o o  no i sy  t o  d e r i v e  a unique model, s o  i n s t e a d  

they e x t r a p o l a t e  inwards assuming h y d r o s t a t i c  equ i l ib r ium and some continuum 

d a t a .  The r e s u l t a n t  thermodynamic q u a n t i t i e s  are a l s o  given,  b u t  t he  au tho r s  

expect t h a t  below 800 km t h e  model r e p r e s e n t s  an upper bound upon t h e  e l e c t r o n  

temperature . 
Two o t h e r  e c l i p s e s  provide a d d i t i o n a l  information on t h e  chromosphere. 

The 1962 e c l i p s e  d a t a  as desc r ibed  by Henze (1968) d i f f e r  somewhat from t h e  
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1952 da ta .  The 1962 d a t a  y i e l d  no unique model b u t  i n s t e a d  a family of 

models de r ived  from t h e  high B a l m e r  and Paschen l i n e s  assuming h y d r o s t a t i c  

e q u i l i b r i u m . ,  E lec t ron  d e n s i t i e s  f o r  t h e s e  models, which f a l l  w i t h i n  a 

narrow range, are given i n  Fig. 

t han  the Thomas-Athay va lues .  

by Weart (1968) have inc reased  h e i g h t  r e s o l u t i o n ,  t ak ing  i n t o  account t h e  

i r r e g u l a r  edge of t h e  moon. 

2 and are roughly a f a c t o r  of two lower 

The d a t a  of t h e  1966 e c l i p s e  as i n t e r p r e t e d  

These d a t a  y i e l d  emission scale h e i g h t s  i n  t h e  

low chromosphere (< 800 km) as low as 50 km, which Weart f i n d s  e x p l i c a b l e  only 

by H- emission a t  temperatures lower than  5000'K. The d a t a  thus  imply that 

over  t h e  extended r eg ion  of 300-800 km on the model atmospheres h e i g h t  scale 

t h e r e  i s  a f l a t  temperature minimum with T c 5000°K. This r e s u l t  is  

evidence f o r  our  " e f f e c t i v e l y  th in"  Model D. 

e -  

(3) With r e s p e c t  t o  t h e  e c l i p s e  d a t a  w e  should mention t h a t  i n  a 

s t a t i c  atmosphere t h e  thermodynamic state v a r i a b l e s  of p re s su re ,  temperature,  

and d e n s i t y  may n o t  be  chosen independently,  bu t  are r e l a t e d  by t h e  p e r f e c t  

gas l a w  and by t h e  cond i t ion  of h y d r o s t a t i c  equi l ibr ium. 

however, i s  n e i t h e r  a s t a t i c  nor  a homogeneous medium. 

s t r u c t i n g  a model f o r  t h e  chromosphere o r  one component of i t ,  one would l i ke  

t o  i n c o r p o r a t e  dynamic equ i l ib r ium cons ide ra t ions  i n t o  the model. 

I w e  have computed models with a " tu rbu len t  pres'sure" t e r m  i n  t h e  h y d r o s t a t i c  

equ i l ib r ium equat ion,  b u t  a more meaningful r e p r e s e n t a t i o n  of what should 

The chromosphere, 

C lea r ly ,  when con- 

I n  Paper 
' 

b e  c a l l e d  hydrodynamic equ i l ib r ium i s  one of t h e  outs tanding problems of the 

chromosphere. 

( 4 )  In t h e  upper photosphere and low chromosphere the speed of sound 

i n c r e a s e s  with h e i g h t  from roughly 6.5 t o  11.5 km/sec. . Small scale t u r b u l e n t  

v e l o c i t y  f i e l d s  much i n  excess of t h i s  va lue  suggest shocks of such s t r e n g t h  

t h a t  they would b e  immediately damped by a l a r g e  d i s s i p a t i o n  of energy. 
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Random motions as l a r g e  as 10-15 km/sec are requi red  t o  match t h e  H and K 

p r o f i l e s ,  however, when t h e  emission peaks are found at o p t i c a l  depths  of 

order  10 as requi red  by " e f f e c t i v e l y  th in"  models. 

a s t rong  one aga ins t  "thin" models i f  w e  understood t h e  n a t u r e  of t hese  

random motions. 

This argument would be 

VI. EXPLANATIONS FOR A K1 BRIGHTNESS TEMPERATURE OF 

4200'K WITH A 4600'K TEMPERATURE MINIMUM 

A s  suggested above t h e  s o l a r  minimum temperature and t h e  e x t e n t  of 

t h e  minimum region p lay  a c r u c i a l  r o l e  i n  i n t e r p r e t i n g  t h e  H and K l i n e  

p r o f i l e s .  

K1 
t h e  s o l a r  minimum temperature.  

minimum temperature no h igher  than 4200OK which w e  have ru l ed  out .  

a minimum temperature of 4600'K, w e  consider  t h e  following explana t ions  of 

I f  t h e  minimum region i s  r e l a t i v e l y  narrow as i n  Model A,  then 

i s  formed t h e r e  and t h e  b r igh tness  temperature i n  K cannot be less than 1 

This  " e f f e c t i v e l y  thick" model r equ i r e s  a 

Assuming 

t h e  K f ea tu re .  1 

(1) Most analyses  of resonance l i n e s  assume complete d i s t r i b u t i o n  i n  

frequency space during t h e  s c a t t e r i n g  of a photon. This assumption i s  v a l i d  

i n  t h e  l i n e  core  due t o  thermal motions of t h e  s c a t t e r i n g  p a r t i c l e  (Thomas 

1957),  bu t  is not  v a l i d  i n  t h e  wings i f  r a d i a t i o n  damping dominates over 

c o l l i s i o n a l  broadening of t h e  upper l e v e l  of t h e  t r a n s i t i o n  involved (Zanstra  

1941, Hols te in  1947). I n  t h e  sun r a d i a t i o n  damping dominates over c o l l i s i o n a l  

broadening f o r  t h e  H and K l i n e s  and a l s o  over c o l l i s i o n a l  t r a n s i t i o n s  between 

t h e  4 *P and 4 P l e v e l s  above 400 km (Paper I), s o  t h a t  coherent 
112 312 

s c a t t e r i n g  i n  t h e  rest frame of t h e  Ca I1 i on  is a good approximation. 

2 



-17- 

J e f f e r i e s  and White (1960) and Avery and House (1968) show t h a t  under these  

condi t ions  Doppler motions only s l i g h t l y  rear range  t h e  frequency of wing 

photons, t h a t  i s  those  beyond 3 Doppler ha l fwid ths  from l i n e  cen te r .  

Therefore  complete r e d i s t r i b u t i o n  i n  t h e  &se rve r ' s  frame of r e fe rence  is  
I 

probably not  v a l i d  i n  t h e  wings, a l though t h e r e  remains some unce r t a in ty  ab 

t h e  r o l e  played by c o l l i s i o n s  i n  t h e  r e d i s t r i b u t i o n  process  (Edmonds 1955). 

The e f f e c t  of p a r t i a l  coherency i n  t h e  wings i s  t o  make t h e  source 

func t ion  frequency-dependent and t o  depress  t h e  emergent p r o f i l e  i n  t h e  

wings below t h a t  f o r  t h e  complete r e d i s t r i b u t i o n  case. I n  phys ica l  terms 

t h e  e f f e c t  of coherency i s  t o  f o r c e  t h e  monochromatic source func t ion  t o  

thermalize a t  monochromatic o p t i c a l  depths  i n  excess of A = E -'I2, i n s t e a d  

-2 of a t  l i n e  cen te r  o p t i c a l  depths i n  excess of A = ac . Since monochromatic 

o p t i c a l  depths i n  t h e  wings can be many orders  of magnitude less than a t  

l i n e  cen te r ,  t h e  p o s s i b i l i t y  e x i s t s  t h a t  t h e  i n n e r  wings ( including K ) can 1 
be less s a t u r a t e d  than  t h e  ou te r  core  ( including K ) f o r  which complete 

r e d i s t r i b u t i o n  is  v a l i d .  I n  f a c t ,  J e f f e r i e s  and White (1960) and Hummer 

(1968) f i n d  t h a t  t h i s  mechanism can form a doubly reversed p r o f i l e  even i n  

2 

an i so thermal  atmosphere. Computations are now underway f o r  t h e  H and K 

l i n e s  incorpora t ing  p a r t i a l  coherency i n  t h e  wings and we expect t h e  mechanism 

t o  decrease K 

is  t h e  c o r r e c t  explana t ion  of t h e  K 

reduce t h e  discrepancy between t h e  e c l i p s e  e l e c t r o n  d e n s i t i e s  near  1000 km 

and those of Models A and D ( see  Fig.  2). This would occur because A could 

r e l a t i v e  t o  t h e  temperature minimum value.  

1 

I f  t h i s  mechanism 1 
f e a t u r e ,  then  i t  should a l s o  tend t o  

b e  smaller, and thus  E: and n l a r g e r ,  due t o  t h e  reduced s a t u r a t i o n  i n  

t h e  inne r  wings. 

e 
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* 
( 2 )  A second p o s s i b l e  mechanism f o r  decreasing t h e  i n t e n s i t y  of 

K 

t h e  3 

r e l a t i v e  t o  t h e  s o l a r  minimum temperature concerns t h e  in f luence  of 

For s i m p l i c i t y  w e  consider  

1 
2 2 D l e v e l s  upon t h e  popula t ion  of 4 ’312‘ 

2 level l abe led  2 ,  t h e  4 P l e v e l  l abe led  4, and t h e  
312 

only t h e  

ground s ta te  4 2S l abe led  1.-_ From t h e  s t a t i s t i ca l  equi l ibr ium equat ion 
112 

f o r  t h e s e  l e v e l s  and t h e  r a d i a t i v e  t r a n s f e r  equat ion w e  ob ta in  f o r  t h e  K 

l i n e  (4 + 1 )  source  func t ion  

- - -  
- J41 + €41 B41 

1 + E41 ‘41 - 9 

where 5 is  t h e  i n t e g r a t e d  l i n e  i n t e n s i t y  and 

1 NCRC12 + NRR42 

‘41 

.. 

B4 1 - 
‘41 - 1 + ( NCR42c:1NRR42 

( 3 )  

I n  these  equat ions B41 i s  t h e  l o c a l  Planck func t ion ,  and Aij are 

c o l l i s i o n a l  and r a d i a t i v e  de-exc i ta t ion  rates, and NCR42 i s  t h e  n e t  c o l l i s i o n a l  

‘ij 
) 

rate from l e v e l  4 t o  l e v e l  2 

NCR42 - - C42 - 

defined as 

b - 2 n 

‘24 - ‘42 (1 - $) I 

n4 
(4) 

with n and bi t h e  popula t ion  and depar ture  c o e f f i c i e n t  f o r  l e v e l  i. i 

* 
W e  wish t o  thank D r .  E. Avre t t  f o r  f i r s t  po in t ing  out  t h i s  e f f e c t .  
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Also NRR42 is the net r a d i a t i v e  rate from level 4 t o  level 2 def ined  

bY 

- 
Y ( 5 )  

- *2 
NRR42 = A42 4- B42 '42 - < '24 '42 = A42 '42 

I .^ -- 
B42 and B are t h e  u s u a l  E i n s t e i n  c o e f f i c i e n t s  of s t imu la t ed  24 where 

emission and abso rp t ion ,  and p42 is t h e  n e t  r a d i a t i v e  b racke t .  The sum 

KCR42 4- NRR42 r e p r e s e n t s  t h e  n e t  depopulation rate of t h e  4 P level 

due t o  t h e  i n c l u s i o n  of the 3 D level. 

2 
312 

2 
5/2 

A t  o p t i c a l  depths which are l a r g e  compared t o  t h e  the rma l i za t ion  

p42 = 0 and b /b = 1; t h a t  is ,  t h e  2 4  l e n g t h s  of t h e  K and i n f r a r e d  l i n e s ,  

4 2P312 and 3 D levels are i n  equi l ibr ium. A t  smaller o p t i c a l  depths 

w e  f i n d  t h a t  f o r  both "thin" and "thick" models t h e  f i r s t  depa r tu re s  from 

2 
5 I 2  

LTE are i n  t h e  d i r e c t i o n  p42  > 0 and b2/b4 > 1. W e  p l o t  i n  F ig r  7 t h e  

r a t i o  of NCR 42 + NRR42 t o  C41 f o r  Models A and D. 

is formed a t  l a r g e r  o p t i c a l  depths  than  a the rma l i za t ion  l eng th  i n  a r eg ion  

where (NCR + NRR42)/C41 is s l i g h t l y  negat ive.  Thus %41 > Bql and t h e  K 
42 

l i n e  source func t ion  i s  approximating B 

3 

(1968) a l s o  f i n d s  t h e  i n c l u s i o n  of t h e  3 D level does n o t  decrease K 

For t h e  " o p t i c a l l y  th in"  model K 

t h e  d r i v i n g  t e r m  - - . -  . 2  
B41 is  s i g n i f i c a n t .  Since 

level, K i s  a l s o  una f fec t ed  by it. 

For t h e  t h i c k  model K1 

U 

A s  a r e s u l t ,  t h e  i n c l u s i o n  of t h e  41' 
2 DsI2 level tends t o  raise r a t h e r  than lower t h e  i n t e n s i t y  of K Skumanich 

1' 

1' 
2 

5 / 2  

i s  formed a t  s m a l l  o p t i c a l  depths s o  t h a t  1 

E41 g41 i n  Eq.  1 r a t h e r  than t h e  gene ra l i zed  Planck f u n c t i o n  

D5/2 E ~ ~ B ~ ~  = C B ' /A 4 1  4 1  4 1  is  una f fec t ed -  by t h e  3 

1 

(3) A t h i r d  p o t e n t i a l  means of exp la in ing  t h e  i n t e n s i t y  of K i s  by 1 

means of t h e  " e f f e c t i v e l y  t h i n "  model (Model D). The e s s e n t i a l  aspect of 
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th i s  model, namely an extended temperature minimum, is suggested by C u r t i s  

and J e f f e r i e s '  (1967) a n a l y s i s  of t h e  N a  D l i n e s ,  Weart's (1968) a n a l y s i s  

of t h e  1966 e c l i p s e  d a t a ,  and by the 22.511, 24.311, and 1.2 mm l i m b  darkening 

d a t a  of Noyes, Beckers, and Low (1968). The model does pose some problems, 

however, i n  t h a t  i t  r e q u i r e s  l a r g e  nonthermal random v e l o c i t i e s  and e l e c t r o n  

d e n s i t i e s  considerably less than t h e  e c l i p s e  d a t a  warrant.  

( 4 )  A f i n a l  p o i n t  w e  might mention i s  t h a t  sys t ema t i c  v e l o c i t y  g r a d i e n t s  

i n  both the ver t ica l  and t h e  h o r i z o n t a l  d i r e c t i o n s  tend t o  reduce sa tu ra -  

t i o n  and thus reduce t h e  l o c a l  sou rce  func t ion .  The e f f e c t  of v e l o c i t y  

g r a d i e n t s  i n  t h e  l i n e  of s i g h t  has  been i n v e s t i g a t e d  by Hummer and Rybicki 

(1968). 

reduce s a t u r a t i o n  by allowing t h e  la teral  escape of photons i n  t h e  l i n e  core  

Hor i zon ta l  g r a d i e n t s  have n o t  been i n v e s t i g a t e d ,  b u t  they should 

.% i n t o  a moving.medium where t h e  photons are now i n  t h e  l i n e  wings. . _  - , 

Both e f f e c t s  work, i n  t h e  d i r e c t i o n  of lowering K 

minimum value.  Since microturbulence cannot s imula t e  t h e s e  e f f e c t s  of sys t ema t i c  

v e l o c i t y  g r a d i e n t s ,  models of a mean chromosphere which y i e l d  p r o f i l e s  i n  

agreement wi th  t h e  low s p a t i a l  r e s o l u t i o n  d a t a  may bea r  only s l i g h t  resemblance 

relattve t o  t h e  temperature 1 

t o  a c t u a l  chromospheric condi t ions.  

IJII. P O S S I B L E  EXPLANATIONS FOR LIMB DARKENING 

Perhaps t h e  most s i g n i f i c a n t  a spec t  of t h e  low s p a t i a l  r e s o l u t i o n  d a t a ,  

as shown by White and Suemoto (1968) and by Z i rke r  (1968), is  t h a t  the e n t i r e  

p r o f i l e s  of t h e  H and K l i n e s  limb darken. A s  mentioned earlier t h e  doubly 

reversed H and K l i n e  shapes r e q u i r e  l i n e  source func t ions  which have a 

relative maximum and a relative minimum i n  t h e  chromosphere. 

i n  t u r n  appears t o  be  d i f f i c u l t  t o  r e c o n c i l e  w i th  limb darkening i n  K and 

K2. 

This p rope r ty  

1 
We mentlon two p o s s i b l e  explanat ions of t h i s  limb darkening. 
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(1) Athay and Skumanich (1968b) propose t o  e x p l a i n  limb darkening 

throughout t h e  l i n e  co res  by a n  " e f f e c t i v e l y  thick" model i n  which t h e  

nonthermal v e l o c i t y  increases w i t h  h e i g h t  i n  t h e  region of t h e  source 

f u n c t i o n  relative maximum. This approach g i v e s  the r i g h t  q u a l i t a t i v e  

behavior.  

f u n c t i o n  minimum i s  masked a t  LI = 1 and t h e  r e s u l t a n t  minimum temperature 

However, s i n c e  the i . r  model is  " e f f e c t i v e l y  thick" t h e  sou rce  
~ -. 

is 4000°K. 

i f  i t  i s  r a i s e d  t o  4600'K no " e f f e c t i v e l y  thick" model can e x p l a i n  t h e  ob- 

This temperature appears t o  us  t o  be  q u i t e  implausible ,  bu t  

served i n t e n s i t y  of . Thus w e  s ea rch  f o r  a l t e r n a t i v e  s o l u t i o n s .  K1 
(2) Avrett and Linsky (1968) suggest  t h a t  a two component model may 

e x p l a i n  limb darkening. This model is  based upon t h e  appearance of b r i g h t  

and dark regions i n  spectroheliograms and t h e  c o r r e l a t i o n  of t h e s e  f e a t u r e s  

with supergranule  cells  and t h e  i n t e r c e l l u l a r  network mentioned previously.  

I n  t h i s  model t h e  l i n e  source func t ions  i n  dark regions decrease monotonically 

with he igh t  as i n  Model C ,  wh i l e  i n  b r i g h t  r eg ions  t h e  source func t ions  have 

a pronounced emission f e a t u r e  as i n  Model B. The r e s u l t a n t  l ine  p r o f i l e s  

i n  t h e  dark region w i l l  limb darken, whereas t h e  K and K f e a t u r e s  f o r  t h e  

b r i g h t  region w i l l  no t .  

q u a l i t a t i v e  behavior as t h e  da t a .  

" e f f e c t i v e l y  th in"  models where t h e  d i f f e r e n c e  i n  t h e  i n d i v i d u a l  l i n e  

p r o f i l e s  could e i t h e r  b e  due t o  v a r i a t i o n s  i n  t h e  e l e c t r o n  d e n s i t y  o r  t o  

t h e  placement of t h e  s t e e p  temperature r ise.  Ca lcu la t ions  along these l i n e s  

are now underway. 

1 2 

The combined p r o f i l e  should t h u s  have t h e  same 

This mechanism should a l s o  work f o r  

There are two obvious checks upon t h e  s u i t a b i l i t y  of t h i s  mechanism f o r  

exp la in ing  limb darkening. F i r s t ,  p l ages  con ta in  few, i f  any, dark r eg ions  

y e t  t h e  e n t i r e  co res  of H and K limb darken (Smith 1960). Thus some o t h e r  
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mechanism must be  r e s p o n s i b l e  f o r  t h e  limb darkening i n  plages.  

h igh  s p a t i a l  r e s o l u t i o n  spectrograms r e s o l v e  i n d i v i d u a l  b r i g h t  and da rk  

Second, 

r eg ions  and thus  provide a d i r e c t  check. Such spectrograms as i n  Z i r i n  

(1966) do show a l t e r n a t i n g  p r o f i l e s  w i t h  weak and s t r o n g  K emission 2 

pa tches ,  b u t  t h e  spectrograms are no t  c a l i b r a t e d  t o  a l low a more d e t a i l e d  

comparison of t y p i c a l  dark and b r i g h t  p r o f i l e s .  

i f  bo th  mechanisms h e r e i n  descr ibed are necessary t o  account f o r  limb 

We would n o t  be  s u r p r i s e d  

darkening i n  q u i e t  r eg ions  of t h e  chromosphere. 

VIII. CONCLUSIONS 

I n  t h i s  paper w e  have sought t o  e x p l a i n  t h e  e s s e n t i a l  a s p e c t s  of t h e  

calcium l i n e s  as i n f e r r e d  from t h e  observed l i n e  p r o f i l e s  i n  terms of 

s o l u t i o n s  of t h e  r a d i a t i v e  t r a n s f e r  and s t a t i s t i c a l  equ i l ib r ium equat ions 

c o n s i s t e n t  with o t h e r  d a t a  on t h e  chromosphere. 

t h r e e  outs tanding problems whose s o l u t i o n s  should g r e a t l y  c l a r i f y  ou r  

We conclude by mentioning 

understanding of t h e  formation of t h e s e  l i n e s .  

s o l u t i o n s  of t h e  r a d i a t i v e  t r a n s f e r  equat ion i n  t h r e e  dimensions s o  as t o  

F i r s t ,  we would l i k e  t o  see 

i n t e r p r e t  t h e  observed s m a l l  scale s t r u c t u r e  and p r o f i l e s  i n  terms of l o c a l  

phys i ca l  condi t ions.  Such s o l u t i o n s  incorporatllng systematic  motions ough-t 

t o  c l a r i f y  t h e  meaning of t h e  l a r g e  nonthermal motions necessary t o  reproduce 

t h e  observed l o w  s p a t i a l  r e s o l u t i o n  p r o f i l e s .  Second, t h e  two p o t e n t i a l  

explanat ions f o r  l i m b  darkening ought t o  be i n v e s t i g a t e d  i n  more d e t a i l  t o  

determine which i s  t h e  more important cause of limb d a r k e n h g .  

t h e  computed c e n t r a l  i n t e n s i t i e s  of t h e  i n f r a r e d  l i n e s  appear t o  be a f a c t o r  

F i n a l l y ,  

of 3 t o o  low and t h e  i n f e r r e d  e l e c t r o n  d e n s i t i e s  nea r  lOQO km appear t o  be 

n e a r l y  an o rde r  of magnitude t o o  low. These d i sc repanc ie s  suggest  t h a t  we 
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may be ignor ing  an important d e t a i l  i n  t h e  formation of t h e  calcium l i n e s  as, 

f o r  example, p a r t i a l  coherency i n  t h e  l i n e  wings which should have t h e  

e f f e c t  of i nc reas ing  n 

and thus  i n c r e a s i n g  t h e i r  c e n t r a l  i n t e n s i t i e s .  

where t h e  co res  of t h e  i n f r a r e d  l i n e s  are formed e 
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FIGURE LEGENDS 

Fig. 1. 

Fig. 2. 

Fig.  3 .  

Fig. 4 .  

Temperature d i s t r i b u t i o n  of several proposed models of t h e  

s o l a r  chromosphere. Included are Models A,  B, C,  and D 

descr ibed i n  Sec t ion  11, t h e  Bilderberg Continuum Atmosphere 

(BCA), and t h e  eclipse-based models of Weart (1968) and 

Thomas and Athay (1961). A r m w s  des igna te  t h e  corresponding 

d i s t r i b u t i o n s  as upper l i m i t s ,  and h e i g h t s  are measured above 

r a d i a l  T 

Elec t ron  d e n s i t y  d i s t r i b u t i o n s  of s e v e r a l  proposed models of 

t h e  s o l a r  chromosphere. Included are Models A, B, C ,  and D 

descr tbed i n  Sect ion 11, t h e  Bilderberg Continuum Atmosphere 

(BCA), and t h e  eclipse-based models of Henze (1968) and Thomas 

and Athay (1961). 

= 1. 5000 

I 

,- 

E r r o r  b a r s  on t h e  Henze d a t a  r e f e r  t o  t h e  

maximum range of h i s  data ,  Below 800 km t h e  Thomas and Athay 

d e n s i t i e s  r e f e r  t o  t h e  upper l i m i t  temperatures i n  Fig.  1; .. 

Nonthermal v e l o c i t i e s  assumed f o r  t h e  " e f f e c t i v e l y  thick" 

Models A,  B,  and C ,  and f o r  t h e  " e f f e c t i v e l y  th in"  Model D.  

K l i n e  s p e c i f i c  i n t e n s i t i e s  a t  t h e  c e n t e r  of t h e  s o l a r  d i s k  

computed using Models A,  B, C ,  and D are compared w i t h  t h e  

' observed p r o f i l e  of White and Suemoto (1968). 

Fig.  5. Local Planck func t ions  and corresponding source func t ions  

f o r  Models A, B, C ,  and D. 



0 

Pig. 6 .  S p e c i f i c  i n t e n s i t i e s  f o r  t h e  8542 A l i n e  at t h e  c e n t e r  of t h e  

s o l a r  d i s k  computed using Models A, B, C ,  and D. Also given 

is t h e  observed p r o f i l e  of Linsky and Wilkinson (1968). 

Fig.  7. P l o t t e d  are t h e  r a t i o s - o f  t h e  n e t  t r a n s i t i o n  rate 

2 
2p3/2 -f D5/2 (NCR42 + EI_RR ) cornpared t o  t h e  downward 

42 

4 2P3/2 +- 4 2S (C41) f o r  Models A and D. 
112 

c o l l i s i o n a l  rate 

Included are o p t i c a l  depths i n  t h e  42 . t r a n s i t i o n ,  pos.i t ion of 

t he rma l i za t ion  of 42 photons, and t h e  he igh t  where K 

f o r  each model. 

arrows on t h e  appropr i a t e  T scales. 

i s  formed 1 
The la t ter  two p o s i t i o n s  are designated by 

42 
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